Drug addiction is characterized by an inability to correctly adapt behavior in a changing environment ^[@R1]^. Studies in humans have suggested that this reflects a lack of insight ^[@R2]--[@R4]^. Operationalized, insight requires the ability to mentally simulate the causes and likely outcomes of one's behavior. The ability to mentally simulate or imagine likely outcomes can be revealed in situations where the outcomes have not been directly experienced previously. Using this concept, work in rats, monkeys, and humans has recently identified neural correlates of insight in the medial and orbital prefrontal cortices^[@R5]--[@R8]^.

Here we show that such neural correlates are selectively abolished in rats by prior use of cocaine. Their abolition was associated with specific deficits in insight-dependent behavior and also with a drug-induced reduction in the efficacy of glutamatergic neurotransmission at orbitofrontal pyramidal neurons, reversal of which by optogenetic activation restored normal behavior. These results provide a causal link between cocaine use and deficient insight. Deficits in such a fundamental building block underlying behavioral control across species ^[@R9],\ [@R10]^ could be particularly important for problems such as drug relapse, in which behavior fails to account for likely outcomes, often despite apparent knowledge ^[@R11]--[@R13]^. As such, these data provide a neural target for therapeutic approaches to address these vexing long-term effects of drug use.

RESULTS {#S1}
=======

Prior cocaine self-administration disrupts insight, learning and associated neural correlates in the OFC {#S2}
--------------------------------------------------------------------------------------------------------

Rats were trained (n=8) to self-administer cocaine for 3-h/day for 14 days using a fixed ratio 1, 40-sec timeout schedule of reinforcement that has been associated with cardinal behaviors, such as relapse and incubation of cocaine craving, thought to be important models of addiction ^[@R14],\ [@R15]^; control rats (n=12) were trained to respond for oral sucrose (a potent non-drug reward in rodents) using identical procedures ([Fig. S1a--b](#SD1){ref-type="supplementary-material"}). Three weeks after the end of self-administration, we recorded single-unit activity from the orbitofrontal cortex (OFC) in these rats as they were trained in a Pavlovian over-expectation task ^[@R16]^, used previously to study orbitofrontal function ^[@R6],\ [@R17]^ ([Fig. 1a](#F1){ref-type="fig"} and [Table S1](#SD1){ref-type="supplementary-material"}). This task consists of three phases: initial conditioning, compound training, and extinction testing. In initial conditioning, rats are trained that each of several different cues predicts the same amount of reward in the same location. In subsequent compound training, two of the cues are presented together, still followed by the same reward. Normal rats show increased responding to this compound cue -- termed summation -- that is thought to reflect a novel and immediate expectation for increased reward. As operationalized above, this increased expectation requires insight, because past experience does not directly dictate that greater reward should result when both cues occur simultaneously. Furthermore, because the compound cue yields the same reward as each individual cue, the novel expectation results in a prediction error and hence new learning, as evidenced by an immediate decline in responding to the one of the compounded cues when it is presented later, by itself, in the extinction test. Both summation and the resultant learning are dependent on the OFC ^[@R17]^, secondary to a sudden increase in activity in pyramidal neurons in this area during presentation of the compound cues ^[@R6]^. These data suggest that the OFC generates the novel estimates and insight into likely outcomes upon which both summation and learning depend.

Conditioning ([Fig. 1a](#F1){ref-type="fig"}) consisted of presentations of three auditory cues (A1, A2 and A3, counterbalanced) and a visual cue (V), each of which was paired with three sucrose pellets, except A3, which served as a CS-. Sucrose and cocaine-trained rats showed similar increases in conditioned responding to A1, A2 and V across sessions ([Fig. S1c--d](#SD1){ref-type="supplementary-material"}), and a similar increase in the proportion of single units responding to the cues, with the proportion of neurons showing a phasic increase in firing to at least one of the cues increasing to about 50% in both groups by the end of training ([Fig. S1e--f](#SD1){ref-type="supplementary-material"}). Moreover, there were no differences in baseline firing rates between groups in any session or neuron grouping ([Table S2](#SD1){ref-type="supplementary-material"} and [Fig. S2](#SD1){ref-type="supplementary-material"}).

At the end of conditioning, rats were trained in a compound probe session (CP in [Fig. 1a](#F1){ref-type="fig"}). This session consisted of additional conditioning (CP 1/2) followed by compound training (CP 2/2), in which A1 and V were presented concurrently (A1V) followed by the same reward as in initial conditioning. A2, A3 and V were presented individually throughout compound training, followed by the same reward, as in initial conditioning. The sucrose-trained rats showed a significant increase in responding to A1 when it was presented in compound with V ([Fig. 2a](#F2){ref-type="fig"}). The increase was evident over the entire session, and also when only the first trial of compound training was considered ([Fig. S3a](#SD1){ref-type="supplementary-material"}). This effect was not evident in cocaine-trained rats, which responded the same amount to A1 alone and in compound with V ([Figs. 2b](#F2){ref-type="fig"} and [S3b](#SD1){ref-type="supplementary-material"}). Notably, the increased responding to the A1V compound cue in the sucrose-trained group was specific to the compound cue; neither group showed any change in responding to the A2 control cue between the two phases.

We recorded 58 neurons from OFC in sucrose-trained rats and 131 neurons from OFC in cocaine-trained rats during the compound probe session. These populations included 33 in the sucrose group and 71 in the cocaine-trained group that exhibited an excitatory phasic response to at least one of the cues during the conditioning phase. Consistent with the idea that increased activity in OFC underlies increased responding to the compound cue, summation at the start of compound training in the sucrose-trained group was accompanied by a sudden increase in the phasic neural response to the compound cue in these neurons. This was evident in the population response, which was similar for A1, A2 and V during the conditioning phase, but increased selectively to A1V at the start of compound training ([Figs. 2c and 2e](#F2){ref-type="fig"}). The increase was evident over the entire session, and also when only the first trial of compound training was considered ([Fig. S3c--e](#SD1){ref-type="supplementary-material"}). This normal effect of compounding on neural firing in OFC was completely absent in the cocaine-trained rats ([Figs. 2d](#F2){ref-type="fig"},2f, and [S3d--f](#SD1){ref-type="supplementary-material"}). Moreover, no significant differences were found in neurons that exhibited an inhibitory response to at least one of the cues during the conditioning phase in both groups ([Fig. S7](#SD1){ref-type="supplementary-material"}).

The contrast between sucrose and cocaine-trained rats was also evident in index scores, capturing the change in neural activity in each cue-responsive neuron to A1 and A2 between conditioning and compound training. In the sucrose group, the distribution of these index scores shifted significantly above zero for A1 but not for A2 ([Fig. 2g--h](#F2){ref-type="fig"}), whereas in the cocaine group, the distribution of the index scores did not shift for either cue ([Fig. 2i--j](#F2){ref-type="fig"}). This pattern was also observed when only the first trial of compound phase was considered ([Fig. S3 g--h](#SD1){ref-type="supplementary-material"} for sucrose-trained rats; [Fig. S3 i--j](#SD1){ref-type="supplementary-material"} for cocaine-trained rats) and it was evident in both A1 and V preferring neurons ([Fig. S3 k--l](#SD1){ref-type="supplementary-material"}). The shift in firing to the A1 cue in sucrose group was directly correlated with increased conditioned responding to the compound cue ([Fig. 2k](#F2){ref-type="fig"}), confirming that neural summation in OFC predicted behavioral summation in the sucrose-trained rats. No correlation was found in cocaine-trained rats ([Fig. 2l](#F2){ref-type="fig"}).

Importantly the spontaneous increase in firing to the A1V compound observed in the sucrose group was not simply a reflection of the increased sensory input associated with the sudden combination of the two cues, but rather tracked the elevated expectations of reward. This was evident in a trial-by-trial analysis of activity in response to A1 and A2 within the first compound session; while activity to A2 was stable across trials, activity to A1 was highest on the first trial and then declined ([Fig. 2m](#F2){ref-type="fig"}, inset). A similar pattern was evident in a comparison of the activity to A1 and A2 in OFC neurons recorded in the same locations in later compound sessions ([Fig. 2m](#F2){ref-type="fig"}). By contrast, in the cocaine group, activity to A1 and A2 remained similar and was stable from the end of conditioning to the last compound session ([Fig. 2n](#F2){ref-type="fig"}).

At the end of compound training, the rats were tested in an extinction probe session (PB in [Fig. 1a](#F1){ref-type="fig"}). This session consisted of additional compound training (PB 1/2) followed by extinction training (PB 2/2), in which A1 and the other auditory cues were presented alone without the food reward. As expected, in the sucrose group, when A1 was separated from V at the start of extinction, the rats showed a sudden and selective decline in responding, which persisted throughout the extinction phase ([Fig. 3a](#F3){ref-type="fig"}). Importantly, the reduction in responding to A1 was evident on the first trial of extinction. By contrast, in the cocaine-trained group, the conditioned responding to A1 did not change when A1 was separated from V at the start of extinction. Instead these rats continued to respond at high levels to both A1 and A2 at the start of extinction ([Fig. 3b](#F3){ref-type="fig"}). Interestingly, prior cocaine exposure did not impair extinction learning driven by omission of reward within the probe session itself; indeed, the cocaine-trained rats showed somewhat stronger extinction learning as evidenced by the more rapid decline in responding to A1 and A2 in the first few non-rewarded trials.

We recorded 96 neurons from OFC in sucrose-trained rats and 128 neurons from OFC in cocaine-trained rats during the extinction probe session, including 50 in the sucrose group and 69 in the cocaine group exhibiting an excitatory phasic response to at least one of the cues. In both groups, firing in response to A1V and A2 was statistically similar at the end of compound training, (PB 1/2, [Fig. 3c--f](#F3){ref-type="fig"}). However, in the sucrose group, the firing spontaneously declined at the start of extinction training to A1. A direct comparison revealed a significant reduction of firing on the 1^st^ trial of the probe phase compared to firing in the compound phase for A1 ([Fig. 3c](#F3){ref-type="fig"}) but not for A2 ([Fig. 3e](#F3){ref-type="fig"}). Neurons recorded from cocaine-trained rats showed no significant change in firing ([Fig. 3d--f](#F3){ref-type="fig"}). Moreover, no significant differences were found in neurons that exhibited an inhibitory response to at least one of the cues during the conditioning phase in both groups ([Fig. S8](#SD1){ref-type="supplementary-material"}).

A similar contrast was evident in the distribution of index scores comparing firing of each neuron to A1 and A2 at the end of compound training versus the 1^st^ trial in extinction. In the sucrose group, the distribution of these scores was shifted significantly below zero for A1 but not for A2 ([Fig. 3g--h](#F3){ref-type="fig"}), and the shift in firing to the A1 cue on the 1^st^ trial of extinction was directly correlated with reduced responding shown by the rat in that session ([Fig. 3k](#F3){ref-type="fig"}). Notably, reduced behavioral responding to A1 was inversely correlated with neural summation measured earlier in the first compound training session ([Fig. 3m](#F3){ref-type="fig"}). Thus, the stronger the neural response to the compound cue was at the start of compound training, the weaker conditioned responding to the A1 cue was at the start of extinction. In the cocaine group, the distribution of the index scores did not shift for either cue ([Fig. 3i--j](#F3){ref-type="fig"}), and there were no correlations between conditioned responding and neural activity ([Fig. 3l--3m](#F3){ref-type="fig"}). Thus, neural estimates of outcomes in OFC were predictive of both behavior and learning in rats that had self-administered sucrose (and also in naïve controls in our prior study ^[@R6]^) but not in rats that had self-administered cocaine.

Changes in insight and learning after cocaine self-administration are associated with reduced synaptic efficacy in OFC {#S3}
----------------------------------------------------------------------------------------------------------------------

The neural data described above suggest that elevated activity in OFC during the compound cue is critical for learning and that the lack of this neural summation in OFC may explain the behavioral deficit seen after cocaine self-administration. Neural summation did not reflect ongoing learning. It did not have to be acquired. It manifested and in fact was greatest on the very first exposure to the compounded cues. Thus it reflected processing of existing information, presumably due to the reactivity of OFC networks to afferent input. One potential explanation for the loss of this spontaneous reactivity after cocaine self-administration would be reduced synaptic efficacy within the OFC, particularly in the pyramidal cell population likely sampled by our recording electrodes. Such changes have been reported previously after drug use in corticolimbic circuits, including prefrontal regions ^[@R12],\ [@R18]--[@R23]^. To test this hypothesis, we conducted whole cell recordings from pyramidal neurons in brain slices containing the OFC, obtained from rats that had been behaviorally characterized after self-administration of either sucrose or cocaine ([Fig. 4a](#F4){ref-type="fig"}). Rats in the two groups (N's = 9) exhibited behavioral effects that were similar to those described above, with sucrose-trained rats showing robust learning as result of compound training and cocaine-trained rats showing no effect ([Fig. 4b--c](#F4){ref-type="fig"}; see [Fig. S4](#SD1){ref-type="supplementary-material"} for full details on behavior). We measured glutamate-mediated miniature excitatory post-synaptic currents (mEPSCs) in voltage clamped (V~m~ = −70mV) OFC pyramidal neurons in which inhibitory post-synaptic currents were blocked with the GABA~A~ receptor antagonist picrotoxin (100 μM) and sodium channels were blocked by tetrodotoxin (TTX, 0.5 μM). Consistent with a decline in synaptic efficacy, OFC pyramidal neurons from cocaine-trained rats showed a specific reduction in mEPSC frequency relative to sucrose-trained rats; mEPSC amplitudes and rise and decay times did not differ between groups ([Fig. 4d--f](#F4){ref-type="fig"}). The cocaine-sensitive measure of excitability --mEPSC frequency -- was also related to learning ([Fig. 4g](#F4){ref-type="fig"}).

Transient optogenetic activation of OFC neurons restores insight and learning lost after cocaine self-administration {#S4}
--------------------------------------------------------------------------------------------------------------------

Previously we have shown that optogenetically inhibiting OFC activity during the compound cue prevents learning ^[@R6]^. Given the reduction in the synaptic efficacy at pyramidal neurons in OFC, observed both in vivo and ex vivo in cocaine-trained rats, we conducted a final experiment to test whether artificially activating OFC pyramidal neurons would restore normal learning in cocaine-trained rats ([Fig. 5a](#F5){ref-type="fig"}). Rats received bilateral infusions of either AAV-CaMKIIa-ChR2-eYPF (N = 9) or AAV-CaMKII-eYFP (control, N = 8) into the OFC and had fiber optic assemblies implanted immediately above the injection sites. The CaMKII promoter was used to target cortical neurons within the OFC ^[@R24],\ [@R25]^; expression and light-dependent activation of OFC neurons was later confirmed using ex vivo recording ([Fig. 5c--d](#F5){ref-type="fig"}).

These rats were trained to self-administer cocaine and then tested in the Pavlovian over-expectation task. Procedures were identical to those used earlier, except that 473 nm light was delivered into OFC bilaterally, time-locked to presentation of the compound cue. While there were no significant differences in the behavior of the eYFP and ChR2 rats during cocaine self-administration, conditioning or compound training ([Fig. S5](#SD1){ref-type="supplementary-material"}), ChR2 rats responded much less to A1 than to A2 in the probe test ([Fig. 5e](#F5){ref-type="fig"}), whereas eYFP rats, lacking the critical opsin, failed to show any difference in conditioned responding to A1 versus A2 ([Fig. 5f](#F5){ref-type="fig"}). The difference in the ChR2 rats reflected a significant decline in responding to A1 between compound training and the first trial of the extinction probe test. By contrast, in the eYFP group, conditioned responding to A1 did not change when it was separated from V at the start of extinction. Thus, cocaine-trained rats were again unable to integrate reward expectations to drive learning, and this deficit was reversed by optogenetic activation of pyramidal neurons in OFC during the compound cue.

Optogenetic activation of OFC might cause lasting changes in the response properties of stimulated neurons ^[@R26]--[@R29]^. Indeed, long-lasting changes might even be desirable if one hopes to restore normal behavior after cocaine use. To test this possibility, we retrained the rats in the eYFP and ChR2 groups used in the prior experiment, and repeated the compound conditioning, this time delivering light into OFC during the inter-trial interval after each compound trial. Although activity in OFC during this period is not normally necessary for learning ^[@R6]^, this pattern of activation was sufficient to restore normal learning in ChR2 ([Fig. 5g](#F5){ref-type="fig"}) but not eYFP rats ([Fig. 5h](#F5){ref-type="fig"}). These data suggest that brief, coordinated, and strong activation of OFC pyramidal neurons may have a prolonged effect on cocaine-induced changes in synaptic efficacy and information processing in OFC.

Of course, one interpretation of these results is that optogenetic activation of OFC simply masks the underlying deficit caused by cocaine by serving as a novel reward or a conditioned reinforcer or by altering the motivation or salience or "value" of the cues when it is delivered. While it is difficult to completely rule out these possibilities, the efficacy of stimulation during the inter-trial interval period, several minutes removed from the compound cues, would seem to make a direct rewarding effect unlikely. In addition, these mechanisms cannot easily account for the actual pattern of results. This is because any mechanism that does not augment predictions about the location and amount of food to be delivered would both compete with the conditioned food cup response during the compound cue, thus lowering it, and likely retard rather than promote extinction. It is only if the activation of the OFC in the context of the cues augments the prediction of the food pellets that one would expect extinction learning. Nevertheless, in order to directly test this hypothesis, we conducted an additional experiment in which ChR2 and eYFP rats were given the opportunity to press a lever to activate OFC using the same stimulation parameters employed above. We found that even after several days of training, neither group distinguished between this lever and a control ([Fig. S6](#SD1){ref-type="supplementary-material"}). These data show that the optogenetic activation of OFC using parameters sufficient to correct the learning deficit caused by cocaine is not sufficiently rewarding to support self-administration.

DISCUSSION {#S5}
==========

Here we have shown that cocaine self-administration causes a long lasting deficit in the ability of rats to use insight into likely outcomes to guide behavior and engage learning mechanisms. This deficit reflected the loss of neural integration of outcome expectancies in the OFC, an area generally thought to be important for signaling information about outcomes ^[@R7],\ [@R30]--[@R35]^. Although these changes in single unit correlates could reflect effects of cocaine on afferent structures, the brain slice data and the effects of optical stimulation in the ITI period argue against this interpretation. Specifically while the efficacy of stimulation might reflect a compensatory change or effects of local stimulation of OFC back propagating to impact the afferent region, this is much more difficult to envision for ITI stimulation than for stimulation during the actual cue. A more parsimonious explanation is that the local stimulation during the ITI corrects or at least overcomes or compensates for a local change. The brain slice data corroborate this account, since there is in fact a local effect to be corrected, in the form of the reduced frequency of neurotransmitter release from glutamatergic terminals within OFC. This change was related to earlier behavioral changes and was observed under conditions in which OFC is clearly isolated from other brain structures that might contribute to the behavior. While these terminals could arise from afferent, inputs or they may reflect localized OFC circuitry. Lastly it is also worth noting that cocaine and other psychostimulants disrupt performance (and neural correlates) in a variety of tasks that depend on the OFC ^[@R36]^. While any one deficit might result from changes in an afferent brain area, the overall pattern is difficult to reconcile with a single effect elsewhere. Thus, overall, these findings fit best with a model of addiction in which exposure to some addictive drugs causes a critical loss of this function in the OFC ^[@R13],\ [@R36],\ [@R37]^. This model is consistent with data from human addicts and animal models of addiction showing alterations in OFC and in OFC-dependent tasks ^[@R21],\ [@R38]--[@R46]^.

Importantly, the effect of cocaine on over-expectation did not reflect a general learning impairment; sucrose- and cocaine-trained rats acquired a conditioned response to the food cup at the same rate and of the same intensity, and neurons in OFC responded similarly to the directly experienced Pavlovian cues in both groups. Moreover, the same rats that were unable to extinguish responding during over-expectation were able to extinguish responding when the actual reward was omitted. Thus cocaine-trained rats did not suffer from a general deficit in response inhibition or extinction learning. In this regard, it is important to point out that extinction in response to over-expectation shows spontaneous recovery and other phenomena that are the hallmarks of extinction by omission ^[@R47]--[@R49]^. It differs only in that it requires the subject to mentally simulate or imagine a novel reward for generation of the negative prediction error that drives learning, whereas extinction by reward omission does not. This subtle distinction provides potential insight into the puzzling inability of human addicts to effectively extinguish drug-seeking behavior in complex, real-world environments, where accurate predictions are very likely to involve mental simulation and the integration of predictions from multiple sources. Hence, these findings may have important implications for understanding the neural circuitry critical to the loss of behavioral control that characterizes addiction.

Our results also have potential therapeutic relevance. The behavioral deficit was associated with reduced pyramidal neuron excitability in OFC in vivo and in vitro, the reversal of which by activation of pyramidal neurons at the time of the compound cue reversed the behavioral deficit. Further, artificial activation of the pyramidal neurons during the intertrial interval -- a period during which inhibition of OFC has no effect on behavior in this task ^[@R6]^ -- also rescued the cocaine-induced learning deficit. This finding implies that the required information is latent in the network or is afferent at the time of learning, and that OFC must only be put back "online" to restore normal function. In favor of this, activation of OFC did not impact other behavioral measures, such as the responding to the control cues or even the later extinction by reward omission.

This selective improvement holds the promise that it may be possible to selectively mitigate the effects of drug use on OFC function (and perhaps the function of other prefrontal regions ^[@R20]^) by transiently activating the network in a coordinated but temporally non-specific fashion. The brief but coordinated period of strong activity may at least temporarily increase the excitability of the network ^[@R26]^, thereby restoring normal function. This raises the possibility that brief, coordinated activation of this brain area --either once or on an ongoing basis - might represent a viable therapeutic approach that would improve OFC-dependent insight in addicts.

ONLINE METHODS {#S6}
==============

Subjects {#S7}
--------

Male Long-Evans rats (Charles River Labs) weighing 250--275 g upon arrival were housed individually on a 12 hour light/dark schedule (lights on at 7:00 A.M.). All rats were given free access to food except during testing periods. During behavioral testing (self-administration and over-expectation training), rats were food deprived to 85% of their baseline weight, by giving 10 g of pellets each day until the desired weight was reached and then maintained at 85% with 15 g of pellets per day. Water was freely available throughout the experiments. No statistical test was run to determine sample size a priori. The sample sizes we chose are similar to those used in previous publications. All testing was conducted at the National Institute on Drug Abuse Intramural Research Program in accordance with NIH guidelines.

Catheter Surgery {#S8}
----------------

All rats were implanted with a chronically indwelling intravenous catheter. Rats were anaesthetized with ketamine (100 mg/ kg, i.p., Sigma) and xylazine (10 mg/kg, i.p., Sigma). A silastic catheter was inserted into the right jugular vein and passed subcutaneously to the back, where it was attached to a modified 22-gauge cannula (Plastics One) and fixed to the rat's back with sutures. Carprofen (0.1 mg/kg, s.c., Pfizer) was given after surgery as an analgesic. Rats recovered for 7--10 days before starting behavioral testing. During recovery and self-administration training, catheters were flushed every day with sterile 0.9% saline + the antibiotic Gentamicin (0.08 mg/mL, BioSource International).

Stereotaxic Surgeries {#S9}
---------------------

For the single unit recording experiment, drivable bundles of 10--25-um diameter FeNiCr recording electrodes (Stablohm 675, California Fine Wire) were implanted unilaterally in OFC under stereotaxic guidance at 3.0 mm anterior and 3.2 mm lateral to bregma and 4.2 mm ventral to the brain surface. Electrodes were advanced subsequently into final positions within OFC during recording.

For the optogenetic experiment, AAV-CaMKIIa-eChR2-eYFP or AAV-CaMKIIa-eYFP (from Gene Therapy Center at University of North Carolina at Chapel Hill, courtesy of Dr. Karl Deisseroth) was injected bilaterally in OFC under stereotaxic guidance at 3.0 mm anterior and 3.2 mm lateral to bregma and 4.4 and 4.5 mm from the brain surface. A total 1--1.2 μl of virus (titer \~ 10^12^) per hemisphere was delivered at the rate of \~0.1 μl/min by Picosptrizer microinjection system (Parker, Hollins, NH). Optic fibers (200 μm in core diameter; Thorlab, Newton, NJ) were implanted bilaterally at 3.0 mm anterior and 3.2 mm lateral to bregma and 4.2 mm ventral to the brain surface.

Self-Administration (SA) {#S10}
------------------------

Following recovery from surgery, the rats were allowed to self-administer cocaine-HCl (0.75 mg/kg/infusion; n= 34), or sucrose (10% w/v; n = 21) for 14 consecutive days. Study groups were blinded. Cocaine hydrochloride (NIDA, Bethesda, MD) was dissolved in sterile 0.9% saline.

Rats were trained in standard behavioral chambers purchased from Coulbourn Instruments, each enclosed in a sound-resistant shell. Each chamber was equipped with two levers. The two levers were on opposite walls and 8 cm from the grid floor. For drug self-administration, silastic tubing shielded with a metal spring extended from each animal's intravenous catheter to a liquid swivel (Instech Laboratories, Plymouth Meeting) mounted on an arm fixed outside of the operant chamber. Tygon tubing extended from the swivel to an infusion pump (Med Associates Inc) located adjacent to the external chamber. For sucrose training, a dipper was recessed in the center of one end wall. Entries were monitored by photobeam.

Rats were trained to self-administer cocaine-HCl under a fixed ratio 1 (FR1) schedule of reinforcement, such that every press on the active lever delivered a 4sec infusion of cocaine. "Priming" injections were never given. Daily SA sessions lasted 3 h, with 15-min timeout periods after each hour. Each session began with the insertion of the active lever. Each infusion was accompanied by the retraction of the active lever and followed by a 40-sec timeout period in which the lever was inserted again. Pressing on the inactive lever had no programmed consequences. At the end of each session the active lever was retracted. The number of cocaine infusions was limited to 20/h to prevent overdose. After 20 infusions, the active lever was retracted for the remainder of the hour. For sucrose SA, procedures were the same as those for cocaine SA, except that rats were shaped to retrieve sucrose, and active lever presses resulted in the insertion into the chamber recess of a dipper containing a 0.05 ml of a 10% sucrose solution for 4 sec.

Pavlovian Over-expectation training {#S11}
-----------------------------------

Three weeks after the end of self-administration training, rats began Pavlovian over-expectation training. Rats designated for single unit recording experiments received the training in aluminum chambers approximately 18 inches on each side with sloping walls narrowing to an area of 12 × 12 inches at the bottom. Rats designated for optogenetic and ex vivo electrophysiology experiments received the training in behavioral chambers. In both cases, a food cup was recessed in the center of one end wall. Entries were monitored by photobeam. Two food dispensers containing 45 mg sucrose pellets (banana- or grape-flavored; Bio-serv) delivered pellets to the food cup. White noise or a tone, each measuring approximately 76 dB, was delivered via a wall speaker. A clicker (2 Hz) and a 6W bulb were also mounted on that wall.

Rats were shaped to retrieve food pellets, and then underwent 10--12 conditioning sessions. In each session, the rats received eight 30 s presentations of three different auditory stimuli (A1, A2 and A3) and one visual stimulus (V). Each session consisted of 8 blocks, and each block consisted of 4 presentation of a cue. The order of cue-blocks was counterbalanced and randomized. For all conditioning, V consisted of a cue light, and A1, A2 and A3 consisted of a tone, clicker or white noise, respectively (counterbalanced). Two differently flavored sucrose pellets (banana and grape, designated as O1 and O2, counterbalanced) were used as rewards. A1 and V terminated with delivery of three pellets of O1, and A2 terminated with delivery of three pellets of O2. A3 was paired with no food. After completion of conditioning training, rats received a single session of compound probe (CP). During the 1^st^ half of the session, the initial conditioning continued, with 6 trials each of 4 cues, in a blocked design, with order counterbalanced. During the 2^nd^ half of the session, compound training began with 6 trials of concurrent A1 and V presentation, followed by delivery of the same reward as during initial conditioning. A2, A3 and V continued to be presented as in initial conditioning, with 6 trials each stimulus. These cues were also presented in a blocked design with order counterbalanced. After the compound probe, rats received 3 days of compound training sessions (CP2 -- CP4) with 12 presentations of A1V, A2, A3 and V. One day after the last compound training, rats received a single extinction probe session (PB). During the 1^st^ half of the session, the compound training continued with 6 presentations of A1V, A2, A3 and V. During 2^nd^ half of the session, rats received eight non-reinforced presentations of A1, A2 and A3, with the order mixed and counterbalanced.

In rats designated for single-unit recording experiments, following the probe test, the electrode was typically advanced to a new location, and the rats repeated days 11 and 12 of conditioning and then underwent additional rounds of over-expectation training in order to acquire additional data. This was done up to two times for a given rat, resulting in 32 rounds of training for the sucrose group and 24 rounds of training for the cocaine group. Neural data from the initial compound and extinction days were not statistically different from data gathered in later rounds of training and thus these neurons were analyzed together in the text.

The primary measure of conditioning to cues was the percentage of time that each rat spent with its head in the food cue during the last 20-sec conditioned stimulus (CS) presentation, as indicated by disruption of the photobeam. We also measured the percentage of time that each rat showed rearing behavior during the last 20-sec CS period. To correct for time spent rearing, the percentage of responding during the last 20-sec CS was calculate as follows: % of responding = 100\*(\[% of time in food cup\])/\[100 -- (% of time of rearing)\]).

Single-Unit recording {#S12}
---------------------

Throughout the Pavlovian over-expectation training, rats were attached to the recording cable and prior to each session, wires were screened for activity. Active wires were selected for recording, and the session was begun. On the rare occasion that less than 4/8 wires were active, then the electrode assembly was advanced 40 or 80 um at the end of the session. Otherwise the electrode was kept in the same position between sessions within a single round of over-expectation training. After the extinction probe test, ending a round of training, the electrode assembly was advanced 80 um regardless of the number of active wires in order to acquire activity from a new group of neurons in any subsequent training.

Neural activity was recorded using two identical Plexon Multichannel Acquisition Processor Systems (Dallas, TX), interfaced with training chambers described above. After amplification and filtering, waveforms (\> 2.5:1 signal-to-noise) were extracted from active channels and recorded to disk by an associated workstation with event timestamps. Units were stored using Offline Sorter software from Plexon Inc (Dallas, TX), using a template matching algorithm. Sorted files were processed in Neuroexplorer to extract unit timestamps and relevant event markers and analyzed in Matlab (Natick, MA).

Firing activity in the last 20 s of each CS was compared to activity in the last 20 s of the pre-CS period by t-test (p \< 0.05). Neurons with significantly higher activity during at least one of the 4 cues were defined as "cue-responsive" as described in the main text. Normalized firing rate was calculated by dividing the mean firing rate during the last 20 sec of CS by the mean firing rate in the last 20 sec of pre-CS period.

In vivo optical excitation sessions with ChR2 during over-expectation {#S13}
---------------------------------------------------------------------

Throughout the Pavlovian over-expectation training, rats were attached to fiber optic patch cables coupled to a solid state laser (473 nm; Laser Century, Shanghai, China) via an optic commutator (Doric Lenses, Quebec, Canada) and light (15 Hz, 473 nm, 10--15 mW) was delivered into the OFC bilaterally during each compound session during the compound cue ^[@R50]^.

Freely moving optical self-stimulation {#S14}
--------------------------------------

A separate group of rats were injected with AAV-CaMKIIa-eChR2-eYFP (N=10) or AAV-CaMKIIa-eYFP (N=7) into the OFC and implanted with chronic optic fibers above the OFC (see above for specific coordinates). At 21--28 d after virus injections, rats were mildly food-restricted to facilitate behavioral responding. Immediately before placing rats in the operant chambers, rats were attached to fiber optic patch cables, coupled to a solid-state 473-nm laser outside the operant chamber. Operant chambers were equipped with one active and one inactive lever. A 1-h optical self-stimulation session began with the insertion of the two levers. Each active lever press performed by the animal resulted in an optical stimulation of OFC (15 Hz, 473 nm, 10--15 mW) and lever retraction for 30 seconds. Both active and inactive lever press data were recorded.

Slice preparation and ex vivo electrophysiology {#S15}
-----------------------------------------------

At the end of over-expectation training, rats were anesthetized with isoflurane and decapitated using a guillotine. Brains were removed and transferred to a beaker containing oxygenated (95% O2/5% CO2), ice-cold cutting solution (in mM: sucrose, 194; NaCl, 30; KCl, 4.5; MgCl~2~, 1; NaH~2~PO~4~, 1.2; glucose, 10; NaHCO~3~, 26). Coronal sections (250 μm) were cut using a vibrating blade microtome (Leica VT1000). The slices were transferred to an oxygenated holding chamber filled with normal artificial cerebral spinal fluid (aCSF, in mM: NaCl, 126; KCl, 3; MgCl~2~, 1.5; CaCl~2~, 2.4; NaH~2~PO~4~, 1.2; glucose, 11; NaHCO~3~, 26) at 34° C for 20 to 30 minutes, then the holding chamber was permitted to reach room temperature where it was maintained for the for the rest of the incubation period.

For recording, a single slice was transferred to a heated chamber (31 -- 33°C) and perfused with normal aCSF (2 ml/min) containing picrotoxin (100μM) and tetrodotoxin (TTX, 200nM) using a peristaltic pump (Cole-Parmer). Visualization of OFC neurons was performed with an upright microscope equipped for epifluorescence and differential interference contrast (DIC) microscopy (BX51WI, Olympus, Japan). Recording electrodes (\~5 MΩ) were filled with (in mM): K-gluconate, 140; KCl, 5; HEPES, 10; EGTA, 0.2; MgCl2, 2; Mg-ATP, 4; Na2-GTP, 0.3; Na2-phosphocreatine, 10; pH 7.2 with KOH. Whole-cell clamp recordings were performed using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). Cells were clamped at −70mV, and mEPSCs were sampled at 4--10 kHz using WinLTP software (WinLTP Ltd, Bristol, UK) and an A/D board (National Instruments PCI-6251) residing in a personal computer. Optically elicited responses were elicited using a 473 nm laser (DPSSL, OEM Laser) delivered via a 200 um core fiber positioned near the surface of the slice. Hyperpolarizing (−10mV) voltage steps were delivered via the recording electrode every 30s in order to monitor whole-cell access. Only cells with stable access (\<10% change in resistance) were included in analyses. Analysis of mEPSCs was performed off-line using the MiniAnalysis program (v 6.0, Synaptosoft Inc., Fort Lee, NJ).

Histology {#S16}
---------

At the end of the single unit recording experiment, rats were deeply anesthetized and then the final electrode position was marked by the passage of a current though each microwire to create a small iron deposit. The rats were then perfused with 4% PFA and potassium ferrocyanide solution to visualize the iron deposit. The brains were removed from the skulls and processed for histology using standard techniques.

At the end of the optogenetic experiment, rats with optic fibers were anesthetized with isofluorane and brains were processed as previously described in the slice preparation section. Expression of ChR2-eYFP was examined using a confocal microscope.

A [supplementary methods](#SD1){ref-type="supplementary-material"} checklist is available.
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======================
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![Experimental timeline, task design and recording sites for in vivo recording experiment\
**a.** Timeline and task design. Approximately 3 weeks after the end of self-administration, rats were trained in a Pavlovian over-expectation task while single unit activity was recorded in OFC. **b.** Drawings illustrate recording sites in OFC in sucrose (blue) and cocaine-trained (red) rats. Boxes indicate approximate location of recording sites in each rat, taking into account any vertical distance traveled during training and the approximate lateral spread of the electrode bundle.](nihms607082f1){#F1}

![Conditioned responding and cue-evoked activity summates at the start of compound training in sucrose but not cocaine-trained rats\
**a**--**b.** Conditioned responding in sucrose (**a**) and cocaine-trained (**b**) rats at the end of conditioning (CP 1/2) and through compound training (CP 2/2 and CP2-CP4). Error bars indicate S.E.M. A 3-factor ANOVA (cue X phase X treatment) showed a significant interaction between treatment, cue and phase (F ~1,\ 18~ = 16.7, p = 0.0007), due to a significant increase in responding to A1 when it was paired with V in sucrose (\*; p \< 0.05) but not cocaine-trained (ns) rats. **c**--**f.** Population activity across all cue-responsive neurons to A1, V (**c, d**) and A2 (**e, f**) during the compound probe session; dark and light lines illustrate activity during the conditioning and compound phases of the session, respectively. Gray shading indicates S.E.M, and gray horizontal bars indicate the period of cue presentation. Two-factor ANOVA's (treatment X phase) showed significant effects of treatment on the pattern of firing to A1 (F ~1,\ 102~ = 7.9, p = 0.0059) but not A2 (F ~1,\ 102~ = 1.17, p = 0.28), due to a significant increase in firing to A1 in the sucrose but not the cocaine group at the start of compound training (\*; p \< 0.05). **g**--**j.** Distribution of summation index scores for firing to A1 (**g, i**) and A2 (**h, j**) in the compound probe. Index scores were computed for each neuron based on the change in mean normalized firing to the relevant cue between conditioning and compound training, using the following formula: (firing CP 2/2 -- firing CP 1/2)/(firing CP 2/2 + firing CP 1/2). Black bars represent neurons in which the difference in firing was statistically significant (t-test, p \< 0.05). In sucrose-trained rats, the distribution of the scores for A1 shifted significantly above zero and was significantly different from the unshifted distribution for A2; A1 also differed significantly between groups (Mann-Whitney U test, p's \< 0.01). No shifts were observed in the scores from cocaine-trained rats. **k**--**l**. Scatter plots showing relationship between the change in behavior and neural activity to A1 in the compound probe session. Neural summation index scores were computed for firing to A1 as described above; behavioral summation index scores were computed similarly, for each session in which a cue-responsive neuron was recorded, but using conditioned responding instead of firing. Neural summation was correlated with behavioral summation in sucrose (**k**) but not cocaine-trained (**l**) rats. **m**--**n.** Line plots showing the ratio between normalized firing to A1 and A2 during each compound training session (CP -- CP4). N's indicate number of cue-responsive neurons in each session. Error bars indicate S.E.M. A 2-factor ANOVA revealed a significant effect of treatment on the A1/A2 ratios (F ~4,\ 412~ = 13.8, p \< 0.0001), which increased significantly in the compound phase of the probe and then gradually decreased in sucrose (**m**) but not cocaine-trained rats (**n**). A similar effect was evident across trials within the compound probe session (inset, F ~5,505~ = 2.4, p = 0.036). \*p \< 0.05.](nihms607082f2){#F2}

![Conditioned responding and cue-evoked activity spontaneously declined at the start of extinction training in sucrose but not cocaine-trained rats\
**a**--**b.** Conditioned responding in sucrose (**a**) and cocaine-trained (**b**) rats as a percentage of time in the food cup during each cue at the end of compound training (PB 1/2) and during the 8 trials of extinction (Trial 1--8 and bar graph showing means). Error bars indicate S.E.M., (\*p \< 0.05). A 3-factor ANOVA (cue X trial X treatment) revealed a significant interaction between treatment and cue (F ~2,\ 36~ = 4.61, p = 0.016), due to a significant decline in responding to A1 when it was separated from V in sucrose (\*; p \< 0.05) but not cocaine-trained (ns) rats. Notably both groups showed extinction of responding to A1 and A2 across trials due to reward omission, with cocaine-treated rats showing somewhat more pronounced effects. **c**--**f.** Population activity across all cue-responsive neurons to A1, V(**c, d**) and A2 (**e, f**) during the extinction probe session; light and dark lines illustrate activity during the compound phase and on the first trial (1T) of extinction during the session, respectively. Gray shading indicates S.E.M, and gray horizontal bars indicate the period of cue presentation. Two-factor ANOVA's (phase X treatment) revealed significant effects of treatment on the pattern of firing to A1 (F ~1,\ 118~ = 25.4, p \< 0.0001) but not A2 (F ~1,\ 118~ = 1.8, p = 0.17) due to a significant decrease in firing to A1 in the sucrose but not the cocaine group at the start of extinction (\*; p \< 0.05). **g**--**j.** Distribution of over-expectation index scores for firing to A1 (**g, i**) and A2 (**h, j**) in the extinction probe. Index scores were computed for each neuron based on the change in mean normalized firing to the relevant cue between compound training and the first trial of extinction, using the following formula: (firing PB 1T -- firing PB 1/2)/(firing PB 1T + firing PB 1/2). Black bars represent neurons in which the difference in firing was statistically significant (t-test, p \< 0.05). In sucrose-trained rats, the distribution of the scores for A1 shifted significantly below zero and was significantly different from the unshifted distribution for A2; A1 also differed significantly between groups (Mann-Whitney U test, p's \< 0.01). No shifts were observed in the scores from cocaine-trained rats. **k**--**l**. Scatter plots showing relationship between the change in behavior and neural activity to A1 on the first trial of extinction training. Neural over-expectation index scores were computed for firing to A1 as described above; behavioral over-expectation index scores were computed similarly, for each session in which a cue-responsive neuron was recorded, but using conditioned responding instead of firing. Neural changes were correlated with behavioral changes in sucrose (**k**) but not cocaine-trained (**l**) rats. **m**--**n.** Scatter plots showing relationship between the change in behavior on the first trial of extinction and neural activity to A1 at the start of compound training. Neural summation index scores were computed for firing to A1 as described in [Figure 2](#F2){ref-type="fig"}. Neural summation was inversely correlated with behavioral over-expectation in sucrose (**m**) but not cocaine-trained (**n**) rats.](nihms607082f3){#F3}

![Reduced excitatory transmission in OFC pyramidal neurons in cocaine-trained rats\
**a.** Timeline for slice recording experiment. Approximately 3 weeks after the end of self-administration, rats were trained in a Pavlovian over-expectation task illustrated in [Figure 1](#F1){ref-type="fig"}. **b**--**c.** Conditioned responding in sucrose (**b**) and cocaine-trained (**c**) rats as a percentage of time in the food cup during each cue at the end of compound training (CP4) and during the 8 trials of extinction (Trial 1--8 and bar graph showing means). Error bars indicate S.E.M., (\*p \< 0.05). A 3-factor ANOVA (cue X trial X treatment) revealed a significant interaction between treatment and cue (F ~2,\ 32~ = 5.65, p = 0.008). Subsequent analyses showed that this was due to a significant decline in responding to A1 when it was separated from V in sucrose (\*; p \< 0.05) but not cocaine-trained (ns) rats. **d.** Traces show pharmacologically isolated, mEPSCs recorded in OFC pyramidal neurons in brain slices from sucrose and cocaine-trained rats. **e.** Mean cumulative probability distributions for mEPSC amplitude and frequency for cells from sucrose (n = 26 neurons, 9 rats) and cocaine-trained rats (n = 28 neurons, 9 rats), showing a reduction in mEPSC frequency (p \< 0.0001, K-S test). Insets: mean mEPSC parameters: amplitude (\*p = 0.0036, t - test) and frequency (p \> 0.05, t-test). **e.** Mean mEPSC parameters: rise and decay times (p's \> 0.05, t-test). **g**. Rats that learned from over-expectation exhibited higher mEPSC frequencies (p \< 0.05, t-test). White and black circles indicate mean mEPSC frequency from individual rats included in the cocaine and sucrose-trained rats, respectively. The mean and s.e.m. of mEPSC frequency for these groups is also indicated by black and white horizontal and vertical lines, respectively.](nihms607082f4){#F4}

![*In vivo* optogenetic activation of OFC neurons reverses the behavioral deficit in cocaine-trained rats\
**a.** Timeline for the optogenetic experiment. Approximately 3 weeks after the end of self-administration (7 weeks post-virus injection), rats were trained in a Pavlovian over-expectation task illustrated in [Figure 1](#F1){ref-type="fig"}. **b.** Locations of cannula tracks in ChR2 (left) and eYFP (right) rats. **c.** left panel: approximate location (box) of confocal fluorescence image (right panel) showing expression of ChR2-eYFP (yellow) \~8 weeks after virus injection into OFC in a representative brain slice. **d.** Sample traces (left) and mean data (right) of synaptic currents evoked by a 5--ms 473 nm light pulse into the OFC in vitro, in AAV-CAMKII-ChR2-YFP (n = 4 cells) and AAV-CAMKII-YFP (n = 4 cells) injected rats. Light-evoked currents were only observed in the AAV-CAMKII-Chr2-YFP-injected group, and they were abolished by NBQX (10 μM), an AMPA\\kainate receptor antagonist. Dashed lines represent time of initiation of light stimulations. **e**--**h.** Conditioned responding in cocaine-trained rats as a percentage of time in the food cup during each cue at the end of compound training (PB 1/2) and during the 8 trials of extinction (Trial 1--8 and bar graph showing means) in ChR2-CS (**e**), and eYFP-CS (**f**), ChR2-ITI (**g**), and eYFP-ITI (**h**) groups. Error bars indicate S.E.M., (\*p \< 0.05). Three-factor ANOVA's (cue X trial X treatment) revealed significant interactions between treatment and cue for both CS (F ~2,\ 30~ = 3.84, p = 0.032) and ITI stimulation (F ~2,\ 30~ = 4.02, p = 0.028). Subsequent analyses showed that this was due to significant declines in responding to A1 when it was separated from V in ChR2 (\*; p \< 0.05) but not eYFP (ns) rats.](nihms607082f5){#F5}
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